Introduction
The canonical view of magnetism and bonding in lanthanide organometallic compounds is that of localized[orbitals split by interactions with ligand orbitals, but not participating in bonding. This rule, of course, has some well known exceptions, particularly in solid-state intermetallics. I -3 Two features of [orbital bonding in these intermetallic systems are noteworthy. First, a reduced magnetic moment at low temperatures is typically observed, and second, a theoretical understanding cannot be obtained without including higher-order (many-body) interactions than are typically provided by a molecular theoretical method such as Density Functional Theory (DFT). Recently, several N-heterocyclic base adducts of ytterbocene of the form Cp*2 Yb(L), where Cp* = pentamethy1cyclopentadienyl = CsMes and L is one of several bipy (bipy = 2,2'-bipyridine),4-6 dad (dad = l,4-diazabutadiene)/ and related 6 , 8 adducts, have been shown to display unusual magnetic properties involving an apparently reduced magnetic moment of the complex, corresponding to an extremely strong antiferromagnetic coupling constant. For instance, using the temperature of the peak in the magnetic susceptibility as an estimate of twice the coupling constant, .3, the bipy and dad adducts have.3 ~ -100 cm-I , whereas .3 between a lanthanide and a radical I 9 IS is typically smaller than -10 cm-• -The origin of the reduced moment in these molecules has been controversial. The heart of the controversy has been whether the reduced moment is caused by some type of antiferromagnetic coupling (mostly intramolecular, as shown by correlating solid-state magnetism and solution NMR spectra S , \ or is due to the electronic structure on the metal center or the molecule.
In this article, we explore the ubiquity of such behavior in this class of molecules and the nature of this unusual magnetic interaction with measurements of the magnetic susceptibility and the x-ray absorption near-edge structure (XANES). A systematic relationship is observed between the effective valence of the ytterbium atoms and the magnetism in these molecules, indicating that as the ytterbium valence moves from Yb(III), 41 13 , toward Yb(Il), 41 14 , an open-shell singlet ground state develops that becomes more stable as the /4 contribution increases. The magnetism of these materials is thus related Below Yb LlII-edge XANES and magnetic susceptibility measurements are reported on several bipy and dad adducts to Cp*2Yb of the type Cp*2Yb(L) (Scheme 1), where L is bipy, and 4,4' -disubstituted bipyridines and 1,4-diazabutadiene derivatives, including purely di-and trivalent Yb complexes. These bipy and dad ligands were chosen over related 4,4' -alkyl substituted 2,2' -biyridines such as the 4,4' dimethyl-2,2'-bipyridine or 4,4'-di(tert-butyl-2,2'-bipyridine ),5 the former do not display any obvious phase transitions or other hysteretic behavior, and, as will be shown below, do not exhibit any obvious temperature dependence to the Yb valence. Examples of ytterbocene complexes that display strong temperature dependence of the Yb valence will be considered in a future paper. Preparation ofCp*2La(2,2'-hipyridine). Cp*2La(2,2'-bipyridine)(OTf) (1.1 g, 1.6 mmol) was added to sodium amalgam formed by dissolving Na (0.04 g, 1.9 mmol) in Hg (38 g, 188 mmol). Toluene (100 mL) was added and the dark red solution was stirred overnight. The toluene suspension was filtered and the filtrate was taken to dryness. The dark red residue was dissolved in 60 mL of pentane, the suspension was filtered, and the filtrate was concentrated to 20 mL, heated to redissolve the Cp*2La(2,2' -bipyridine) and then cooled to _20 °C. XANES data are widely used to extract the effective valence in Yb systems, and the technique is generally considered to be accurate within an absolute (systematic) error of about 5% (for instance, a good correspondence between the valence and magnetism in various Yb alloys has been observed 27 ).
The best way to extract the valence is to obtain model spectra for the di-and trivalent components.
However, in the present case, the lutetium analogs, which could be used as models for either of these components, were not available. Instead the XANES spectra were fitted to a combination of pseudo Voigt functions to extract the relative weight of the di-and trivalent Yb features. Each spectrum was fitted to in integrated pseudo-Voigt to simulate the main edge, together with a single pseudo-Voigt each for the divalent and trivalent resonances, and lastly, a pseudo-Voigt with negative amplitude to simulate the first extended x-ray absorption fine-structure (due to the local crystal structure Electron paramagnetic resonance (EPR) spectroscopy. EPR spectra were obtained at room temperature with a Varian E-12 spectrometer equipped with an EIP-547 microwave frequency counter and a Varian E-500 gaussmeter, and were calibrated using 2,2-diphenyl-l-picrylhydrazyl (DPPH, g =
2.0036).
Computational details. The ytterbium center was treated with either a small core relativistic pseudopotential (RECP) (explicit 4f shell)3o in combination with its adapted basis set or a f-in-core "Ref. 38 [These parameters were obtained on an i-Pr sample with higher impurity content; however, these impurities should have only a small effect on these values, especially for T('1.maX>. The dad adduct data in Figure 1 b are similar, although all are very close to trivalent with only a small « 12% in all cases) divalent contribution. In spite of this nearly trivalent character, the subtle trends in the white line intensity and the shoulder at -8939 eV between the dad adducts track the differences between these samples in their magnetic susceptibility traces (see below). 3 .0. Figure 2 . Yb Lm-edge XANES spectra at various temperatures as an example of any potential temperature dependence of the Yb valence in these materials. This level of reproducibility is similar to that obtained by collecting at a fixed temperature and looking at different parts ofthe same sample.
• data c 2.5 An example of a fit for determining the valence (that is, the number of j-holes, nf) for the Cp*2Yb(dad(H)-tBu) data is shown in Figure 3 . The valence data for all measured samples are summarized in temperatures ranging from 20-300 K, and in some cases up to 450 K, and no measurable temperature dependence has been observed within 5% (eg. see Figure 2 ). 
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• • phenyl ego Cp*2 Yb(bipy-OMe) and (iii) those that are in between these two extremes and exhibit a local maximum in the susceptibility at temperatures > 100 K, ego Cp*2Yb(bipy-C0 2 Me). Those data with small magnetic moments at low temperature, namely, those in classes Cii) and (iii), also show a sharp upturn in xCI) with decreasing T. We ascribe this upturn to impurities, as evidenced by its saturation [?] in applied field, indicative of a small amount of a high-moment impurity, and by its irreproducibility in different independently prepared samples of the same compound. Table 1 . 
Results: Computational
Multiconfigurational calculations were carried out ,.~ing the CASSCF method, focusing on the CP2Yb(bipy) complex, where Cp=CsHs. These results should also be qualitatively applicable to the Cp* derivatives used in the experimental studies. For example, configuration (1) isjl4. The first four configurations are magnetic singlets, and the last can only be described as a triplet.
In principle, the singlet state of the CP2 Yb(bipy) complex can be described by a mixing of the j 14
configuration ( presence of the methyl substituents on the Cp rings clearly have an influence. These substituent effects will be explored in a future publication.
The closed-shell singlet that is only due to configuration (1) in Chart 1 is optimized, also at the CASSCF level, and found to be 2.5 eV higher in energy than the open-shell singlet and triplet states.
Thus, the closed-shell singlet state is not the ground state of the complex, but rather an excited state. In addition, the associated optimized geometry (Table 2) Analyzing the geometrical parameters, the distance C2-C2' in the bipy ligand and the C-C in the dad backbone, hereafter generically referred to as the C-C backbone distance, is strongly correlated with the Yb electronic configuration. This structural change is rationalized by the fact that the LUMO of the bipy ligand has bonding character between the C-C backbone carbons, and therefore popUlating the n* shortens the C-C backbone distance, as previously outlined. 4 Since the CASSCF calculations are time consuming calculations, faster calculations were carried out to further explore this structural aspect by freezing the / configuration on the ytterbium and including the / orbitals in the core. This method allows the geometry to be optimized for either a pure f 13 or a pure f 14 configuration. In the / 13 configuration, the calculation has been carried out on a doublet spin state because the /13 configuration leads to an extra electron transferred to the lowest available n* molecular orbital. Tables 2 and 3) position of the bipy adducts, the C2-C2' distance is thus shorter for Yb(III) than for Yb(Il). The small influence of R on C2-C2' shows that the shape of n*, and not only its energy, is influenced by the substituents. If the coefficients at the C2 and C2' positions decrease in the n* orbital, as in the case of C0 2 Me, the effect of occupying the n* orbital is less important. As can be seen in Table 1 Cp*2Yb(terpy). In order for VT to account for the magnetic susceptibility, the Yb(III) states must contribute the susceptibility expected for the full J=7 /2 multiplet, while the remaining divalent Yb fraction has a fully occupied f shell, and is therefore diamagnetic. For the Cp*2 Yb(bipy) complex, the f 13 population would be about 30% at 300 K,6 and should decrease at low temperature; both of these predictions are in disagreement with the Yb XANES data in Figure 1 When the temperature is high enough to start to thermally populate the triplet configuration, the susceptibility will initially increase, followed by a decrease due to thermal fluctuations, as in a conventional Curie-Weiss paramagnet. Within this qualitative picture (directly supported by the CASSCF calculations), there should be systems where the energies of the triplet and open shell singlet are nearly degenerate, or when the energies are more widely separated, the energy of the singlet can either be below or above the triplet. In these systems, the ground state will be close to trivalent, and the singlet state will be thermally populated. Table 1 , and is reflected in the CASSCF calculations by the degree of fln* orbital overlap and the r" relative energy levels. The reduction potential data reported in Table 1 The effect is simply a coupling of a local magnetic moment to electrons in a conduction band and, ss such, is a complex many-body problem. Qualitatively, the coupling occurs when the magnetic orbitals hybridize with the conduction band, causing the fonnation of a quasibound singlet state, where some of the f electron weight is projected onto the conduction band and some of the electronic density in the conduction band is localized into the quasibound state, known as the "Kondo singlet." It was originally discovered in non-magnetic metals with a small magnetic impurity, where the electrical resistivity is observed to increase below a temperature where the Kondo coupling occurS. 64 As the temperature rises, the singlet breaks apart, and at temperatures well above the characteristic temperature scale TK (essentially the singlet-triplet excitation energy), intennediate valence is destroyed, and a full moment Curie-Weiss paramagnetic state is recovered. However, at T<TK, the slow breakup with increasing temperature of the singlet state (essentially governed by Boltzmann statistics) has a large effect on the magnetic moment, while maintaining a nearly temperature-independent, intennediate valent configuration on the metal. 65
Using this analogy, the Kondo interaction in these organometallic molecules is the anti ferromagnetic coupling between the magnetic moment on the metal and that on the ligand that effectively occurs due to the configuration interaction discussed above. therefore, indicate that the origin of the unusual magnetic properties of these molecules is due to the intertwined nature of both a strong magnetic coupling strength and the electronic structure of the metal.
The analogy of this molecular phenomenon to the Kondo effect in solid-state intermetallic magnetism continues to have predictive power, furthering the assertion that these organometallic molecules may be ideal systems with which to study the Kondo effect on the nanoscale. Finally, this study increases the number of molecules where this behavior is known to occur, and therefore has general implications for the nature of bonding in certain organolanthanide compounds.
The notion of multi configurational ground states is not common to chemists trained to think about molecules using a molecular orbital model. However, those trained to think in valence-bond language can readily understand the concept of multi configurational ground states. All students of chemistry know that the two resonance structures of benzene are described by individual wave functions, neither of which is the true wave function; the true wave function of benzene is composed of an admixture of these individual wave functions. [Xl DOEILANULDRD 0 DHS 0000 o Other:
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